Anisotropic opaque minerals viewed in reflected light microscopy show two sets of colours: the colours seen in plane polarized light which change as the section is rotated on the microscope stage, and the colours seen between crossed polars which change as the analyser is uncrossed. These latter colours are known variously as polarization colours or auisotropic rotation tints, but are here referred to as anisotropy colours. They are commonly a diagnostic aid to correct mineral identification. All these colours occur as a consequence of the dispersion of the relative permittivity (dielectric) tensor the variation in the values of the tensor with wavelength of incident light and in low symmetry crystals, the variation in the directions of the principal axes of the tensor with wavelength.
Introduction
THE skilled ore microscopist makes extensive use of colour in the identification of opaque minerals. Colours are seen in plane polarized light, between crossed polars and between slightly uncrossed ('partly crossed') polars. Crossed polars have the NS analyser and EW polarizer exactly orthogonal. The amount of light reaching the eye is for most opaque minerals rather low and so the ore microscopist commonly uncrosses the analyser by a small angle, commonly 1 2 ~ to increase the amount of light. It is well-known that this changes the colour of the light reaching the eye (Cameron, 1961; Galopin and Henry, 1972) . This facility, the ability to uncross the analyser, is one essential feature of reflected light microscopes usually absent in transmitted light microscopes.
In this paper, it is shown that the colours of opaque minerals viewed in plane polarized light at various stage angles, and the colours seen between exactly crossed and slightly uncrossed polars can be predicted by calculations based on the dispersion of the dielectric tensor. These calculations are an extension of the techniques used in an earlier paper on the use of matrices and tensors in optical mineralogy (Peckett, 1987) .
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Theory
It was shown in an earlier paper (Peckett, 1987) , that the permitted vibration directions and relative intensity of light reflected from the surface of an anisotropic section can be calculated from the relative permittivity (dielectric) tensor. The nature of the light can be described by a two-element Jones vector of complex numbers [E~,Ey] which holds the amplitude and phase lag of waves parallel to the crosswires. If the differential phase lag between the two waves is zero then the reflected wave is plane polarized. However, in most cases, the reflected wave is elliptically polarized. Under exactly crossed polars, the intensity of light passing through the analyser is the product of Ey and its complex conjugate, E*. If the analyser is rotated anti-clockwise by an angle ~b then the Jones vector is modified by the matrix multiplication E' = RE where the matrix R is l c~ sin~b ]
-sin ~b cos ~b
In other words, the Jones vector on axes (x,y) which are the directions of the crosswires is transformed orthogonally to an axial system (x'y') with vector components [Ex,,Ey,] , where y' is parallel to the analyser. The intensity of light passing through the analyser is then the product of Ey, and its complex conjugate, E*,.
Data sources
The reflectance data for the minerals in this study are available in the IMA/COM Quantitative Data File (Henry, 1977) . Hereafter, specific mineral data are referenced by the symbol QDF, the key number in the file, and the name of the microscopist who made the determination. Subsequent to the initial preparation of this paper, a second edition by Criddle and Stanley (1986) has been published, replacing the first issue. The reftectances in air and oil were converted to relative permittivity (dielectric) tensor values using the Koenigsberger equations. The refractive indices of the immersion oil were calculated at various wavelengths using the manufacturers' recommended dispersion values, which follow a Cauchy law rather than the straight line graph for Cargille immersion liquids given in Galopin and Henry (1972) .
The mathematical methods to be used here strictly speaking require the use of the relative permittivity tensor described on its principal axes. For most minerals such data do not exist. Since this paper is describing a method, it is felt adequate to use the partially oriented data of the IMA/COM data base. Thus for stannite the data of the IMA/COM file is assumed to be for the o-and evibrations, even if the data are actually the o-and e'-vibrations. The error is trivial provided the e'-vibration is close to the true e-vibration. For orthorhombic bournonite used here the data are oriented on the principal axes. If the method described here were to be extended to monoclinic and triclinic minerals, then the orientations of the principal vibrations with respect to the crystallographic axes as well as their reflectance values would have to be determined at every wavelength--a formidable task! length and excitation purity by the standard CIE (1931) scheme which has been described in many texts. Grum and Bartleson (1980) give the tabulation of the spectral tristimulus values for the 2 ~ observer which is for a narrow field of view thought most appropriate to microscopy. Illuminant C (blue-filtered tungsten light closely matching daylight) is assumed in this study. A condensed description of the calculation of chromaticity coordinates is given by Craig and Vaughan (1981) . The integrations should strictly speaking be made continuously over the range 360 830 nm but in practice there is only a slight error in summation at 20 nm intervals over the range 400 700 nm. Kelly and Judd (1955) [in Grum and Bartleson, 1980] , but may usefully be extended towards the Illuminant C. Unlabelled areas have colours described by the adjacent areas, e.g. bluish green for the area with 2 d = 495 nm.
Calculation of colours
Two types of spectral data are used in these calculations. The measured reflectance data from the IMA/COM data bases yield the colours predicted to be seen in plane polarized light. The calculated intensities through crossed or uncrossed polars yield the predicted anisotropy colours.
The data are calculated at each of 16 wavelengths in the range 400 700 nm and then are converted to chromaticity co-ordinates, and the related parameters of luminance, dominant waveIt is believed that the chromaticity co-ordinates calculated here are accurate to _+ 0.001, luminances to + 0.1% and the dominant wavelength is accurate to 1 nm. A calculation from spectral data yields a set of chromaticity co-ordinates (x,y) . The name of the colour can be inferred from the CIE chromaticity diagram using the correlation of colour names and chromaticity co-ordinates (x,y) by Kelly and Judd (1955) as shown in texts such as Grum and Bartleson (1980) and reproduced here in a slightly modified form as Fig. 1 .
Stannite
The reflectance of stannite increases slightly from the blue end of the visible spectrum to the red end and this is shown in Table 1 . The data are from QDF 1.8140, Caye and Pasdeloup. The two principal vibrations of tetragonal stannite are both grey with olive-green tints (Ramdohr, 1980) , greenish-or brownish-grey (Schouten, 1962) or olive-green (Galopin and Henry, 1972) . The calculated dominant wavelengths are both close to 572 nm (yellow-brown) and the chromaticity coordinates of the o-and e-vibrations (actually e') are plotted in Fig. 3 .
The calculations here predict the colours of the stannite (100) section in the 45 ~ position as shown in Fig. 2 . Extracts of the numerical values at various steps in the calculations of this colour are given in Table 1 . The reflectances of stannite at blue (400 nm) and red (700 nm) are listed for both o-and e-vibrations (using e' as synonymous for e for the purposes of this exercise) in air and under oil immersion. The refractive index of the immersion liquid is noted in Table 1 Table 1 .
for the cases where the principal vibrations are in their extinction position, i.e. parallel to the EW polarizer. The (100) section of stannite is considered to be in the 45 ~ position as illustrated in Fig. 2 , so that the amplitude of each permitted vibration is 1/~/2 of its value in the extinction positions. Initially, we can ignore the differential phase lag between the two waves and consider the vector sum of the two vibrations to be a plane polarized wave in the orientation shown. Since the o-vibration has the higher reflectance, the angle shows the plane of the reflected wave to be oriented in NE quadrant. For blue light, the amplitudes Ao and A, are 0.3376 and 0.3138 respectively and the vector sum has an amplitude of 0.4609 with ~o = 2.1 ~ The reflectance is thus 22.12%. For red light, the amplitudes are 0.3715 and 0.3667, the vector sum is 0.5220, the reflectance is 27.3%, and the angle oJ is 0.4 ~ Allowance can be made for the fact that the reflected vibrations Ao and A~ are out of phase.
As was shown in Peckett (1987) , the Jones vector for the sum of the two vibrations yields the values in Table 1 . The Stokes parameters calculated from the Jones vector show, as parameter SO, the anisotropy colour of stannite between exactly crossed polars is blue. Again using the simplified case by disregarding ellipticity effects, the intensity of blue light passing through an analyser is R sin2~o which in this case is 0.03%, whereas for red light the value is 0.001%. The full calculation includes the effects of ellipticity and the intensity is given by (Ey. E*). This is 0.05% for blue light and 0.004% for red light. To calculate the anisotropy colour, the data are considered for all wavelengths in the visible range. Fig. 3 shows the chromaticity co-ordinates of the light passing through the perfectly crossed analyser and this is equivalent to a mixture of grey light and monochromatic blue light with a wavelength of 465 nm. The effect of uncrossing the analyser can be seen qualitatively in Fig. 2 taken in conjunction with the data in Table 1 . If the analyser is rotated anticlockwise by 0.4 ~ then the red component of the reflected wave is completely extinguished and the reflected light appears lower in intensity but relatively more blue. As the analyser is rotated yet further, the section becomes very dark, but never completely extinguished, and when the analyser has been rotated to 2 ~ the small amount of light passing through the analyser is richer in red. Further rotation of the analyser causes more light, both red and blue components, to be transmitted, and the observed colour approaches that of the mineral seen in normal plane polarized light.
This rotation of the analyser is modelled mathematically by the rotation of the Jones vector using a matrix R as shown above in the theory section. The results of quantitative calculations of anisotropy colours are stated in Tables 1 and 2 for the (100) section in the 45 ~ position and the chromaticity co-ordinates of the reflected light at various analyser settings are given graphically in Yet further rotation of the analyser to 2 ~ produces a dull yellow-brown or khaki colour (,~d = 574 rim) which then lightens and eventually the colour of the mineral as seen in plane polarized light for the e-vibration is reached when the angle @ is 45 ~ The course of the change in colour is indicated by an ellipse in Fig. 3 . The points labelled as angles of @ are for this (100) section in the 45 ~ position.
Ellipses similar in style to this were measured by Koritnig (1977) for 'oblique' sections of arsenopyrite and breithauptite. The IMA recommend the term 'anisotropic rotation tints' to describe these colours. In the author's opinion use of the term 'tint' (in contrast to the term 'shade') implies a colour not far from white. As is shown in Fig.  3 , the excitation purity for the anisotropy colours can be very high and the term 'tint' seems inappropriate.
All other (hkl) sections of stannite have almost the same anisotropy colours although their intensities differ with the crystallographic orientation and the stage angle. A table in Galopin and Henry (1972) shows the anisotropy colours of a number of minerals under uncrossed polars and assigns each colour to a specific rotation angle of ~b. They are incorrect on this small point. The colour sequences are correct, but the angles of ~b at which specific colours occur differ with the crystallographic orientation of the section.
These predicted anisotropy colours of stannite are similar to those observed by Galopin and Henry (1972) who state that the anisotropy colours under partially crossed polars are mauve-grey and yellowish to olive-brown. However, the predicted colours are only partly in accord with Ramdohr (1980) who states that the anisotropy colours are violet and slate green, and Schouten (1962) who also states colours of violet and green. The observation of a green colour is not predicted by these calculations since the ellipse in Fig. 3 always lies to the red side of the Illuminant C. The writer has never observed a green colour in stannite between crossed or uncrossed polars. It is possible that some of the examples of 'stannite' recorded in the literature are actually other members of the stannite group which include kesterite, stannoidite, etc.
Covelline
The two principal vibrations of hexagonal covelline are both blue, and their chromaticity coordinates are plotted in Fig. 4 with the points O and E for (Xo,Yo) and (xe,y~) respectively. The data are from QDF 1.1920.2, Piller. The dominant wavelengths are in the range 475-477 nm but the two waves differ markedly in both their excitation purity and luminance. For the darker blue ordinary wave this is Pe = 0.364, Yo = 6.9% (where Yo is the calculated luminance for the o-vibration) and for the lighter blue extraordinary wave it is Pe = 0.118, Ye = 23.5%. Under crossed polars, covelline is a pale orange but according to Galopin and Henry (1972) it is pinkish-white, and according to Ramdohr (1980) it is orange to copper brown. The calculated chromaticity co-ordinates for this orange colour are plotted for a (1010) section in the 45 ~ position in Fig. 4 . The dominant wavelength is 593 nm. On the colour names diagram Fig. 1 these co-ordinates are white but with an orange tint if the sectors are extended towards C along Munsell hue lines.
The reader with access to a polished mount of covelline is invited at this point to examine the section in the 45 ~ position, rotate the analyser and list the changes in colour. The sequence of colours is from pale orange to deeper orange, reddishorange, reddish-purple, purple, purple blue, and then the deep blue of the o-vibration. Rotation of the analyser in the opposite sense gives the colour sequence pale orange to near white and then pale blue which deepens to the blue of the e'-vibration. Such colour sequences were described by Green (1952) . The chromaticity co-ordinates of these successive colours lie on or close to the ellipse drawn in Fig. 4 . All sections of covelline, except the isotropic basal section, show the same colour sequence, but different crystallographically oriented sections will vary in their brightness.
The extreme anisotropy of covelline produces a broader and larger ellipse than the stannite example in Fig. 3 . The figured examples of stannite and covelline which are typical of minerals with trigonal, hexagonal or tetragonal symmetry are for sections cut parallel to the unique axis and with the section in the c~ = 45 ~ position on the microscope stage. The chord joins the two points O and E, the colours of the o-and e-vibrations seen in plane polarized light, and the end-points are at ~b = _+45 ~ The co-ordinates of the anisotropy colour are on a tangen t to the ellipse through the Illuminant C. For other orientations of sections, the two permitted vibrations are o and e', with e' lying on the line O E. The ellipse passes through the chromaticity co-ordinates of the o-and e'-vibrations and would by thus slightly different from the plotted examples. For other stage orientations, the end-points are at e with ~ = ~b and o with ~b = -(90-c~). As the orientation of a section closely approaches the basal section, the ellipse becomes smaller and narrower.
The chromaticity co-ordinates for the anisotropy colour for the (1070) section of covelline (at ~b = 0 ~ plot at (0.433, 0.355) with 2d = 593 nm. The corresponding co-ordinates for a section near the isotropic (0001) lies at (0.381, 0.348) and its dominant wavelength is 589 nm. All other sections have the chromaticity co-ordinates of their anisotropy colours (at ~b = o ~ lying along a curved line joining these two extreme points.
Bournonite
Bournonite is orthorhombic. In plane polarized light it appears white but with a detectable bireflectance and reflection pleochroism at grain and twin boundaries with undefined colours (Ramdohr, 1980) . Schouten (1962) calls these pale bluishgreen tints. The anisotropy colours are variegated according to these authors and readily picked out because of the parquet twinning. Uytenbogaardt and Burke (1971) list 'pale blue, greenish grey, brownish yellow, dark brown and purplish' as anisotropy colours.
The chromaticity co-ordinates are plotted in For symmetric sections, the chromaticity coordinates of the anisotropy colours are constant with stage angle c~ with only a change in luminance, but for asymmetric sections the colours change as the stage is rotated. This is the origin of the occasional observation of different colours in adjacent quadrants as the stage is rotated. An example is plotted in Fig. 6 for a section of bournonite and the path of the change in chromaticity coordinates of the anisotropy colours is an ellipse. In general these ellipses are quite small and the colour changes are slight, but some orientations of sections especially those with low intensities can show greater colour changes in adjacent quadrants. Fig. 7 shows the anisotropy colours of a randomly generated set of 100 oriented sections of bournonite, each section being viewed in the 45 ~ position between exactly crossed polars. Many are deep blue and mid blue, some are purple blue, and some are green and yellow but with such low intensities that they would appear greenish-grey and brown. These calculated colours confirm the list of observed colours given by Uytenbogaardt and Burke and listed above. As with the earlier examples of covelline and stannite rotation of the analyser causes a brightening of the colours and a widening of the colour range.
Considering that bournonite is effectively white in plane polarized light, and orthorhombic in symmetry which precludes dispersion in the orientation of the tensor axes, the variegated anisotropy colours are quite remarkable.
Conclusions
The observed anisotropy colours of opaque minerals can be predicted by calculations based on the dispersion of the dielectric tensor. A matrix method is used to compute the intensity of light which can pass through the analyser at each of 16 standard wavelengths in the visible range 400 700 nm and the chromaticity co-ordinates of the reflected spectrum can be calculated using the standard CIE (1931) scheme. The effect of uncrossing the analyser, which is a well-used procedure by ore microscopists can similarly be simulated by applying a rotation of the Jones vector prior to calculating the intensity. The predicted colours are closely similar to the observed values for most cases studied which include stannite, covelline, and bournonite.
